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Abstract: Soil organic carbon (SOC) mineralization plays an important role in global climate change.
Temperature affects SOC mineralization, and its effect can be limited by the substrate available.
However, knowledge of the effects of temperature and substrate quality on SOC mineralization in the
Mollisols of Northeast China is still lacking. In this study, based on a spatial transplant experiment,
we conducted a 73-day incubation to examine the effects of temperature on SOC mineralization and
its temperature sensitivity under different carbon levels. We found that the SOC content, incubation
temperature and their interaction had significant effects on SOC mineralization. A higher SOC
content and higher incubation temperature resulted in higher SOC mineralization. The temperature
sensitivity of SOC mineralization was affected by the substrate quality. The temperature sensitivity
of SOC mineralization, showed a downward trend during the incubation period, and the range of
variation in the Q10 declined with the increment in the SOC content. The study suggested that there
was a higher SOC mineralization in high levels of substrate carbon when the temperature increased.
Further, SOC mineralization under higher SOC contents was more sensitive to temperature changes.
Our study provides vital information for SOC turnover and the CO2 sequestration capacity under
global warming in the Mollisols of Northeast China and other black soil regions of the world.

Keywords: substrate quality; carbon dioxide; Kinetic theory; Mollisols; temperature sensitivity

1. Introduction

Soil organic carbon (SOC) is one of the most important carbon pools in terrestrial
ecosystems, accounting for 60~80% of the global terrestrial carbon [1]. SOC decomposition
in soils affects atmospheric CO2 concentrations [2] and subsequently influences global
climate change [3]. The study of SOC decomposition has been the focus of attention
worldwide. Additionally, terrestrial ecosystems and their carbon dynamics significantly
impact the global carbon budget [4]. Most studies have suggested that the changes in
soil carbon content are associated with different types of land use [5,6] and different
soil moisture and temperature conditions [7,8]. Better understanding of the dynamics
of terrestrial SOC in different ecosystems is essential to determine SOC decomposition
and turnover. The quantitative dynamics of SOC are important for predicting ecological
processes and assessing soil fertility.

SOC mineralization, which mediates critical ecosystem processes important for the
decomposition and turnover of organic matter, is an important monitor of the soil carbon
cycle and can provide an estimate of soil carbon decomposition [9]. Carbon mineralization
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can be affected by many factors, such as soil organic matter (SOM) quality and quan-
tity, oxygen (O2), water availability, soil biota and soil temperature [10]. One of the most
important drivers affecting SOC mineralization is soil temperature, which might be con-
sidered a driver of organic matter turnover in soils [1]. The temperature dependence of
SOC mineralization, which is the key source of soil heterotrophic respiration, has been the
subject of intense scientific debate [8]. Liu et al. [11] suggested that elevated temperature
resulted in an exponential reduction in dissolved organic carbon (DOC). Xiao et al. [12]
found that rising temperatures tended to result in a higher portion of stable C in soils.
The observed contradictory views indicate that the effects of soil temperature on SOC are
complex. The determination of SOC mineralization under different soil temperatures may
provide more insights into the causal processes of global warming.

Kinetic theory indicates that the temperature sensitivity of SOM decomposition should
increase with substrate recalcitrance [13]. Carney et al. [14] have suggested that carbon
inputs stimulate microbial activity and result in higher SOC turnover. Giardina and
Ryan [15] found that SOC mineralization in mineral soils was controlled more by substrate
quality than temperature. A study on Mollisols demonstrated that when incubated at 25 ◦C,
soils with a higher SOC content had higher CO2 production, but when incubated at 15 ◦C,
no link between the SOC content and CO2 production was detected [16]. Substrate quality
and availability affect the decomposition of SOM [17], and soil temperature influences SOC
mineralization by its effects on microbial metabolic activity. The combination of the above
two drivers has a interactive effect on SOC turnover rates compared with either factor
alone [18]. Thus, the warming effect may be limited by the amount of substrate available
and water for decomposition [19]. A better understanding of SOC mineralization is needed
to assess the effects of soil temperature and substrate inputs on soil carbon storage.

Northeast China is one of the major regions of Mollisols worldwide. Mollisols, which
have a large C pool, are characterized by high SOC and nutrient contents [20]. High
amounts of CO2 can be released from the carbon in black soil. Differences in the SOC density
and structure among different soil types result in the characteristics of SOC mineralization
and its temperature sensitivity [21]. Therefore, increased recognition of regional SOC
mineralization and its temperature sensitivity are important for understanding the C cycle
as well as for improving C management strategies in the Mollisols of Northeast China [6,7].

Based on a spatial transplant experiment, we conducted an incubation experiment to
examine how substrate C contents affect SOC mineralization under different temperatures
and investigate its temperature sensitivity (Q10). We hypothesized that higher SOC content
would induce larger CO2 production than those low levels of SOC content with the incre-
ment of temperature. In order to test the hypothesis, our objectives were to (1) examine how
temperature affects SOC mineralization; (2) evaluate the effect of different SOC contents
on SOC stability; and (3) determine the temperature sensitivity of SOC mineralization
under substrates with different C contents. This study is necessary for determining SOC
stocks and the CO2 sequestration potential in response to global warming in Mollisols of
Northeast China and other black soil regions of the world.

2. Materials and Methods
2.1. Study Region

In October 2004, five sampling sites in Northeast China were selected for this study
based on the SOC content. These sites were located in Lishu County and Dehui city in Jilin
Province and in Hailun city, Bei’an city, and Nenjiang County in Heilongjiang Province
in China. These regions have a typical temperate continental monsoon climate. The soil
is classified as typical black soil, i.e., a Mollisol according to USDA soil taxonomy. Soil
inorganic C could be ignored due to the lack of carbonates in these soils. Maize (Zea mays)
is a common cultivated crop in these regions.
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2.2. Experimental Design

We collected soil samples from a size of 1.4 m (length) × 1.2 m (width) × 1.0 m (depth)
by wooden boxes from Lishu County, Dehui city, Hailun city, Bei’an city and Nenjiang
County. These samples were transported to the Hailun Agroecology Experiment Station of
the Chinese Academy of Sciences. The mean annual temperature is 1.5 ◦C in this region,
and the mean annual precipitation ranges from 500 mm to 600 mm. With the use of a
spatial transplant method (The crops were planted in a unified mode and management
that eliminated the complexity of different climate conditions and land management ways),
same standard (1.4 m × 1.2 m × 1.0 m) plots were established. The plots were separated
by a 20-cm-thick brick wall, which was covered with cement and pasted with tarpaulin
inside to minimize the risk of sampling nonindependent areas. In the study, treatments
were divided into SOC10, SOC19, SOC29, SOC34, and SOC63 according to the C contents
in the soils from the above sampling regions. Each treatment consisted of three replicates.
Site descriptions are shown in Table 1.

Table 1. Sampling site descriptions.

Site Coordinates Mean Annual
Temperature (◦C)

Mean Annual
Precipitation (mm) Crop

Lishu N 43◦20′, E 124◦28′ 5.4 556.2 Maize
Dehui N 44◦12′, E 125◦33′ 4.5 457.6 Maize
Hailun N 47◦27′, E 126◦56′ 1.5 549.3 Maize
Bei’an N 48◦09′, E 126◦44′ 1.1 523.4 Maize

Nenjiang N 49◦08′, E 125◦37′ −0.2 532.1 Maize

2.3. Soil Sampling and Preparation

The selected samples from different regions were used to determine the effect of carbon
levels on SOC mineralization. Clearly, under the premise of satisfying different C contents,
the other physical-chemical properties of the soil samples were not consistent. In fact,
the situation in the field was complex and changed. The samples, obtained from different
regions, can better reflect the actual soil conditions in the field. A single-variable experiment
is necessary to explore the complicated effects of the soil C level on SOC mineralization in
the future.

After maize harvest in October 2016, twenty 10 cm× 5 cm× 20 cm (length×width× depth)
samples were randomly collected to a depth of 0–20 cm at each sampling site. The twenty
subsamples were thoroughly mixed to generate one composite sample, and fine roots and
other residues were removed from the samples. The composite sample was the total amount
of the twenty samples. Soon after collection, the samples were transported to the Key
Laboratory of Ecological Restoration and Resource Utilization for Cold Region in Harbin,
Heilongjiang Province. All samples were air-dried and sieved through a 1 mm mesh for the
incubation experiment, the measurement of soil physical and chemical properties. The rest
of the samples were sieved through a 0.25 mm mesh to determine SOC, total nitrogen (TN),
total phosphorus (TP) and total potassium (TK). Soil pH was determined with an automatic
acid-base titrator using a 1:2.5 soil:water suspension. The SOC content was measured
by the Walkley Black method [22]. TN was determined by the kjeldahl method. TP was
determined via the H2SO4-HClO4 digestion method. TK was analyzed according to NaOH
melting with flame photometry. Available nitrogen (AN) was measured by alkali hydrolysis
diffusion method. Available phosphorus (AP) was determined using the NaHCO3 leaching
molybdenum antimony colorimetric technique, and available potassium (AK) was tested
by NH4OAc extraction with flame photometry [23]. Soil properties are presented in Table 2.
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Table 2. Soil properties of selected sites.

Site SOC
(g kg−1)

TN
(g kg−1)

TP
(g kg−1)

TK
(g kg−1)

AN
(mg kg−1)

AP
(mg kg−1)

AK
(mg kg−1) pH C/N

Lishu 9.63 ± 2.44 a 0.79 ± 0.03 a 0.64 ± 0.02 a 12.58 ± 1.69 97.39 ± 9.88 a 64.10 ± 8.98 a 145.11 ± 10.99 6.63± 0.12 a 12.21 ± 0.89
Dehui 18.56± 2.67 b 1.68 ± 0.04 b 0.84 ± 0.01 a 12.97 ± 1.27 120.73± 14.87 a 26.29 ± 7.31 b 151.24 ± 9.54 5.95± 0.06 b 11.05 ± 1.19
Hailun 29.35± 3.56 c 2.55 ± 0.11 c 1.60 ± 0.03 b 13.84 ± 2.76 218.00± 25.98 b 57.81 ± 4.77 c 156.77 ± 15.33 6.10± 0.02 b 11.48 ± 2.18
Bei’an 34.11± 2.98 c 2.86 ± 0.08 c 1.93± 0.07 bc 14.37 ± 2.38 338.74± 19.87 c 58.34 ± 3.99 c 167.88 ± 14.86 5.42± 0.11 c 11.87 ± 0.99

Nenjiang 63.17± 4.76 d 4.87 ± 0.13 d 2.43 ± 0.05 c 15.56 ± 3.04 366.72± 26.56 c 57.15 ± 4.68 c 163.44 ± 16.21 6.34± 0.05 a 12.99 ± 1.21

Note: Different lowercase letters indicate significant differences among sampled sites. Unmarked means that there
are no significant differences between treatments. C/N = SOC: TN. Values are means ± standard error (n = 9).

2.4. Laboratory Incubation Experiment

We incubated soils in the laboratory using a factorial design of substrate (5 levels:
SOC10, SOC19, SOC29, SOC34, and SOC63) and temperature (4 levels: 5 ◦C, 15 ◦C, 25 ◦C,
and 35 ◦C) with three replicates. Air-dried soils (100 g) were placed in a 1000 mL jar
and preincubated at 60% water-holding capacity (WHC) at 25 ◦C in the dark for 7 days.
The WHC was determined by the method described by Alef and Nannipieri (1995) [24].
After preincubation, the samples were incubated at selected temperatures (5, 15, 25 or
35 ◦C) in the dark for 73 days. It is worth noting that the changes in the indices in the study
tended to be stable after 73 days of incubation. During the incubation, samples were sealed
in the incubator, and soil moisture was adjusted to 60% of WHC with deionized water.

2.5. CO2 Production

In this study, the accumulation of CO2 production was used to represent SOC miner-
alization in the soils. A beaker containing 25 mL 1.0 mol L−1 NaOH solution was placed
in each jar to capture evolved CO2. The NaOH solution was exchanged on days 1, 3, 5,
7, 14, 21, 28, 35, 42, 49, 56, 63, and 73 of the incubation. Then, the CO2 was titrated with
0.5 mol L−1 HCl in excessive amounts of BaCl2 [25]. We calculated the cumulative CO2
production, which characterized SOC mineralization, during two successive sampling in-
tervals. The cumulative CO2 production was expressed as mg CO2 kg−1 soil, representing
the amount of CO2 released from the soil.

2.6. Evaluations and Calculations

In our study, the SOC mineralization rate and the temperature sensitivity of SOC
mineralization were expressed as Rs and Q10 [26], respectively. The following equations
were used.

Rs = a·ebT (1)

Q10 = e10b (2)

where Rs is the SOC mineralization rate (mg SOC kg−1 soil d−1), T represents the incuba-
tion temperature, a is the SOC mineralization rate at a temperature of 0 ◦C, and b is the
temperature coefficient, which is related to the Q10 (increase in the rate of respiration over
a 10 ◦C increase in temperature).

2.7. Data Analysis

The Kolmogorov-Smirnov test and Levene’s test were used to determine the normality
and equality of the data, respectively. One-way analysis of variance (ANOVA) and least
significant difference (LSD) multiple comparisons (p < 0.05) were used to assess the soil
physical-chemical properties, soil cumulative CO2 production and Q10. Two-way ANOVA
was performed to evaluate the effects of SOC level and soil temperature on cumulative
CO2 production. The relationship between cumulative CO2 production and selected soils
was evaluated with Pearson correlation analysis. The effects of the interaction of SOC
contents and incubation temperatures on cumulative CO2 production were determined by
a univariate general linear model with Duncan’s test. Curve estimation with an exponential
model was used to evaluate parameter b in Equation (1). All statistical analyses were
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performed using SPSS statistical software ver. 20 (SPSS Inc., Chicago, IL, USA). Graphs
were generated using SigmaPlot 12.5.

3. Results
3.1. Changes in Cumulative CO2 Production under Different SOC Contents at 5, 15, 25 and 35 ◦C

The cumulative CO2 production from soils with different SOC contents under different
incubation temperatures can be seen as Figure 1, and the cumulative CO2 production
ranged from 567.10 to 1003.91 mg CO2 kg−1 soil at the end of the incubation. During the
incubation period, we found the cumulative CO2 production increased with the increase
in the SOC content. After 7 days of incubation, the cumulative CO2 production under
different SOC treatments began to show obvious differences as follows: SOC63 > SOC34 >
SOC29 > SOC19 > SOC10. The cumulative CO2 production stabilized across the treatments
at different temperatures after 49 days of incubation. We also found that cumulative
CO2 production increased as the incubation temperature increased, with significantly
higher cumulative CO2 production at higher temperatures with increasing SOC content
(Supplementary Tables S1–S9).

Figure 1. Changes in cumulative CO2 production throughout the incubation at different soil temper-
atures (5 ◦C, 15 ◦C, 25 ◦C and 35 ◦C). Data scatters are means ± standard error (n = 9).

3.2. Characteristics of the Q10 Value under Different SOC Contents

We averaged the Q10 values from the different incubation temperatures to reflect the
temperature sensitivity of SOC mineralization in the study, and we found that the Q10 value
showed a descending trend with the extension of the incubation time (Figure 2). During
the incubation, the Q10 value varied in response to different SOC contents, ranging from
1.07 to 1.53, 1.08~1.40, 1.07~1.32, 1.08~1.32, and 1.11~1.26 in SOC10, SOC19, SOC29, SOC34
and SOC63, respectively.
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Figure 2. Effects of the soil carbon content on the Q10 value. Data scatters are means ± standard
error (n = 9).

Both the highest and lowest Q10 values appeared in SOC10 on day 1 and day 35,
respectively. The Q10 value showed a downward trend with little fluctuation and roughly
leveled off by the end of the incubation in SOC10, SOC19 and SOC34. In SOC29 and SOC63,
the Q10 value continued to decrease until day 21 and showed a modest upward trend with
fluctuation thereafter. During the first five days of the incubation, soils with lower SOC con-
tents had higher Q10 values. At the end of the incubation, the Q10 value in descending order
was SOC63, SOC29, SOC34, SOC10 and SOC19 (Supplementary Table S10). Additionally,
we also examined the changes in the Q10 value between the first day and the end of the
incubation (the 73rd day of the incubation), and we found that the range of variation in the
Q10 value decreased with the increase in the SOC content. There were significant differences
of the Q10 between SOC63 and other treatments (Figure 3 and Supplementary Table S10).

Figure 3. Changes in the Q10 value under different carbon levels during the incubation. Vertical bars
of (A) = (Value of Q10 on the first day of incubation−value of Q10 on the 73rd day of incubation)/value
of Q10 on the first day of incubation. (B) Day 1 = Value of Q10 on the first day of incubation;
Day 73 = Value of Q10 on the 73rd day of incubation. Different lowercase letters indicate significant
differences between SOC levels.

3.3. Key Factors That Drive Changes in SOC Mineralization

According to the two-way ANOVA, we found that the SOC contents, incubation
temperature and their interactions significantly affected SOC mineralization, and the
temperature had a larger effects on SOC mineralization than the SOC contents (Table 3).
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Additionally, Pearson correlation analysis showed that soil organic carbon, total N, total P,
total K, available N and available K were significantly positively correlated with cumulative
CO2 production, indicating that soil nutrients were the main factor that determined the
changes in SOC mineralization (Table 4).

Table 3. Effects of SOC level and soil temperature on cumulative CO2 production based on analysis
of variance.

Index Factors F Value df p

CO2 production
C level 380.25 22 p < 0.01

Soil temperature 1126.20 28 p < 0.01
C level × Soil temperature 35.30 19 p < 0.01

Note: Data for statistical analysis are based on a n = 12 samples per treatment.

Table 4. Correlations between soil physical-chemical properties and cumulative CO2 production.

SOC TN TP TK AN AP AK pH C/N

Pearson
Correlation 0.936 ** 0.927 ** 0.847 ** 0.915 ** 0.896 ** 0.194 0.761 * −0.106 0.331

Sig. (2-tailed) <0.001 <0.001 <0.001 <0.001 <0.001 0.241 0.021 0.389 0.281

Note: Data for statistical analysis are based on a n = 12 samples per treatment. * and ** represent significance
differences at p < 0.05 and p < 0.01, respectively.

4. Discussion
4.1. Effects of SOC Contents and Temperature on SOC Mineralization

The temperature effect may be limited by the substrate available for decomposi-
tion [19]. In this study, we found that the temperature and substrate C contents had
significant effects on cumulative CO2 production (Figure 1; Table 3).

A temperature increase resulted in a higher cumulative CO2 production (Figure 1).
Many incubation experiments have shown that increasing temperature can promote SOC
mineralization [17,27,28]. Temperature affects SOC mineralization by its effects on micro-
bial metabolic activity. An increase in temperature is favorable to microbial activity and
therefore increased the turnover rate of SOC [29,30]. Leifeld and Fuhrer [28] also suggested
that temperature is a major controlling factor for SOC turnover. The responses of SOC to
temperature are important for the evaluation of possible atmospheric feedbacks from the
SOM reservoir [31]. In the current study, the incubation environment was not suitable for
the collection of microbial data. Additional research needs to be conducted to explore how
changes in the microbial community drive variations in SOC mineralization.

As expected, we found that the cumulative CO2 production increased with increasing
substrate carbon contents (Figure 1), and the alterations in cumulative CO2 production were
significantly correlated with soil nutrients (Table 4). Substrate quality affected cumulative
CO2 production, with the magnitudes varying across soils and substrate SOC [16]. There
are higher C mineralization rates in the soils have been found in high contents of SOC [32].
Additionally, these results may primarily be attributed to microbial effects. Many studies
have indicated that changes in soil nutrients modify microbial growth [33–35]. Greater
C content lead to an increase in the abundance of microorganisms. A larger microbial
community may be more efficient at SOC decomposition [14,15]. Competition is less crucial
to limiting soil microbes because more niches may appear on account of improvements
in soil nutritional resources [36]. Thus, the high levels of carbon may stimulate microbial
activity and result in higher SOC turnover. As a result, the increase in substrate carbon
might enhance SOC mineralization.

We found the increased SOC contents and warming had strong effects on SOC min-
eralization, and these effects were pronounced when warming and substrate treatments
were applied together (Figure 1, Table 3). These two drivers has a different effect on SOC
mineralization has a different effect on than either treatment alone [37]. Increased rates
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of SOC cycling caused by increased C inputs were exacerbated by warming [17]. It may
be that warming affected the SOC turnover rate, the amount of CO2 production is de-
termined by the amount of substrate C in soils [38]. Steinweg et al. [39] demonstrated
that there are distinct mechanisms by which the temperature and substrate quality affect
microbial respiration. The increased temperature promoted microorganisms to take up and
metabolize substrates more quickly, and higher substrate C made greater amounts of C
available to soil microorganisms in general. Furthermore, many other factors can influence
the SOC mineralization, such as oxygen (O2), soil moisture and the fraction of substrate
C and so on. Further research is necessary to explore the mechanism of these factors on
SOC mineralization.

4.2. Influences of SOC Contents on the Temperature Sensitivity of SOC Mineralization

Temperature sensitivity of SOC mineralization (Q10) in all carbon treatments showed
a downward trend as incubation times increased, and a higher carbon content resulted in
a smaller drop in Q10 in this study (Figure 2). The reason for the decline in Q10 may be
the reduction in the SOC mineralization rate over time. Reichstein et al. [40] suggested
that Q10 changed with incubation time, which may be caused by the alteration of labile
C and recalcitrant C during incubation. Generally, the stability of SOC play a key role
on the temperature sensitivity of the SOC decomposition, additional research needs to be
conducted to explore whether changes in labile C and recalcitrant C drive changes in the
SOC decomposition.

To further determine the changes in Q10, we examined the variation amplitude of Q10
between the first day and the end of the incubation (the 73rd day of the incubation), and we
found that Q10 was higher under a high carbon content than under low levels of carbon
at the end of the incubation (Figure 3). The availability of SOC affects the response of soil
heterotrophic respiration to temperature change, and Q10 decreases with the reduction in
labile SOC content in soils [41]. The availability of soil nutrients was relatively high under
the high soil carbon content compared with the low levels of soil carbon when the external
temperature increased.

We also demonstrated that SOC mineralization under higher SOC contents was more
sensitive to temperature changes in the middle and later period of SOC mineralization,
and SOC mineralization under lower SOC contents was more sensitive to temperature
changes at the early stage of SOC mineralization. To be degree, high levels of substrate
carbon can stimulate SOC mineralization and result in greater SOC turnover. These findings
can provide theoretical support for the impacts of different substrate gradients on SOC
mineralization. Determining the temperature sensitivity of the decomposition of the
different levels of SOC pools is critical for predicting the long-term impacts of climate
change on SOC storage of Mollisols in Northeast China in the context of global warming.

5. Conclusions

In the study, the cumulative CO2 production was relatively high under the high levels
of soil carbon content. It suggested that high contents of SOC in soils resulted in a higher
C mineralization. Changes in temperature can also affect the SOC mineralization. Larger
cumulative CO2 production were found with the increasing of temperature. We also found
the effects of increased SOC contents and warming on SOC mineralization were significant
when these two drivers were applied together. High levels of substrate carbon can stimulate
SOC mineralization and result in greater SOC turnover when the temperature increased.
Q10, which represents the temperature sensitivity of SOC mineralization, varied between
different SOC contents. The results suggested that the SOC mineralization under higher
SOC contents was more sensitive to temperature changes. These fndings are important
for achieving a better understanding of SOC turnover and the CO2 sequestration capacity
under global warming in the Mollisols of Northeast China and other black soil regions of
the world.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/life12050712/s1. Table S1. Changes in cumulative CO2 production
with varied SOC contents when incubated at 5 ◦C. Table S2. Variations of cumulative CO2 production
among different SOC contents when incubated at 15 ◦C. Table S3. Alterations in cumulative CO2
production between SOC contents when incubated at 25 ◦C. Table S4. Changes in cumulative CO2
production with different SOC contents when incubated at 35 ◦C. Table S5. Alterations of cumulative
CO2 production under SOC10 among incubation temperatures. Table S6. Changes in cumulative CO2
production in the SOC19 with different incubation temperatures. Table S7. Variations of cumulative
CO2 production under SOC29 between incubation temperatures. Table S8. Changes in cumulative
CO2 production under SOC34 with incubation temperatures. Table S9. Variations of cumulative CO2
production in the SOC63 among incubation temperatures. Table S10. Changes in the Q10 values with
SOC contents in soils.

Author Contributions: Conceptualization, X.J.; methodology, Y.S.; formal analysis, T.B. and Y.C.;
data curation, T.B. and Y.C.; writing-original draft preparation, H.Y. and T.B.; writing-review and
editing, T.B.; visualization, T.B.; supervision, X.J.; project administration, X.J.; funding acquisition,
X.J.; All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Nature Science Foundation Program of China (grant
NOs. 42077081) and National Science and Technology Basic Resources Investigation Special Project
(grant NOs. 2021FY100400).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and analyzed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Doetter, S.; Stevens, A.; Six, J.; Merckx, R.; Van, O.K.; Pinto, M.C.; Casanova-Katny, A.; Muñoz, C.; Boudin, M.; Venegas, E.Z.; et al.

Soil carbon storage controlled by interactions between geochemistry and climate. Nat. Geosci. 2015, 8, 780–784. [CrossRef]
2. Lal, R. Soil carbon sequestration impacts on global climate change and food security. Science 2004, 304, 1623–1627. [CrossRef]

[PubMed]
3. Meinshausen, M.; Meinshausen, N.; Hare, W.; Raper, S.C.B.; Frieler, K.; Knutti, R.; Allen, M.R. Greenhouse-gas emission targets

for limiting global warming to 2 ◦C. Nature 2009, 458, 1158–1162. [CrossRef] [PubMed]
4. Schlesinger, W.H.; Andrews, J.A. Soil respiration and the global carbon cycle. Biogeochemistry 2000, 48, 7–20. [CrossRef]
5. Cambule, A.H.; Rossiter, D.G.; Stoorvogel, J.J.; Smaling, E.M.A. Soil organic carbon stocks in the Limpopo National Park,

Mozambique: Amount, spatial distribution and uncertainty. Geoderma 2014, 213, 46–56. [CrossRef]
6. Wang, S.; Xu, L.; Zhuang, Q.L.; He, N.P. Investigating the spatio-temporal variability of soil organic carbon stocks in different

ecosystems of China. Sci. Total. Environ. 2021, 758, 143644. [CrossRef]
7. Deng, B.L.; Yuan, X.; Siemann, E.; Wang, S.L.; Fang, H.F.; Wang, B.H.; Gao, Y.; Shad, N.; Liu, X.J.; Zhang, W.Y.; et al. Feedstock

particle size and pyrolysis temperature regulate effects of biochar on soil nitrous oxide and carbon dioxide emissions. Waste
Manag. 2021, 120, 33–40. [CrossRef]

8. Moonis, M.; Lee, J.; Jin, H.; Kim, D.G.; Park, J.H. Effects of warming, wetting and nitrogen addition on substrate-induced
respiration and temperature sensitivity of heterotrophic respiration in a temperate forest soil. Pedosphere 2021, 31, 363–372.
[CrossRef]

9. Bahn, M.; Rodeghiero, M.; Anderson-Dunn, M.; Dore, S.; Gimeno, C.; Drösler, M.; Jones, S. Soil respiration in European grasslands
in relation to climate and assimilate supply. Ecosystems 2008, 11, 1352–1367. [CrossRef]

10. Mande, H.K.; Abdullah, A.M.; Aris, A.Z.; Nuruddin, A.A. A comparison of soil CO2 efflux rate in young rubber plantation, oil
palm plantation, recovering and primary forest ecosystems of Malaysia. Pol. J. Environ. Stud. 2014, 23, 1649–1657.

11. Liu, C.; Chu, W.; Li, H.; Boyd, S.A.; Teppen, B.J.; Mao, J.; Lehmann, J.; Zhang, W. Quantification and characterization of dissolved
organic carbon from biochars. Geoderma 2019, 335, 161–169. [CrossRef]

12. Xiao, X.; Chen, B.; Chen, Z.; Zhu, L.; Schnoor, J.L. Insight into multiple and multilevel structures of biochars and their potential
environmental applications: A critical review. Environ. Sci. Technol. 2018, 52, 5027–5047. [CrossRef] [PubMed]

13. Hartley, I.P.; Ineson, P. Substrate quality and the temperature sensitivity of soil organic matter decomposition. Soil. Biol. Biochem.
2008, 40, 1567–1574. [CrossRef]

14. Carney, K.M.; Hungate, B.A.; Drake, B.G.; Megonigal, J.P. Altered soil microbial community at elevated CO2 leads to loss of soil
carbon. Proc. Natl. Acad. Sci. USA 2007, 104, 4990–4995. [CrossRef]

https://www.mdpi.com/article/10.3390/life12050712/s1
https://www.mdpi.com/article/10.3390/life12050712/s1
http://doi.org/10.1038/ngeo2516
http://doi.org/10.1126/science.1097396
http://www.ncbi.nlm.nih.gov/pubmed/15192216
http://doi.org/10.1038/nature08017
http://www.ncbi.nlm.nih.gov/pubmed/19407799
http://doi.org/10.1023/A:1006247623877
http://doi.org/10.1016/j.geoderma.2013.07.015
http://doi.org/10.1016/j.scitotenv.2020.143644
http://doi.org/10.1016/j.wasman.2020.11.015
http://doi.org/10.1016/S1002-0160(20)60069-8
http://doi.org/10.1007/s10021-008-9198-0
http://doi.org/10.1016/j.geoderma.2018.08.019
http://doi.org/10.1021/acs.est.7b06487
http://www.ncbi.nlm.nih.gov/pubmed/29634904
http://doi.org/10.1016/j.soilbio.2008.01.007
http://doi.org/10.1073/pnas.0610045104


Life 2022, 12, 712 10 of 10

15. Giardina, C.P.; Ryan, M.G. Evidence that decomposition rates of organic carbon in mineral soil do not vary with temperature.
Nature 2000, 404, 858–861. [CrossRef]

16. Dai, S.S.; Li, L.J.; Ye, R.; Zhu-Barker, X.; Horwath, W.R. The temperature sensitivity of organic carbon mineralization is affected by
exogenous carbon inputs and soil organic carbon content. Eur. J. Soil. Biol. 2017, 81, 69–75. [CrossRef]

17. Hopkins, F.M.; Filley, T.R.; Gleixner, G.; Lange, M.; Top, S.M.; Trumbore, S.E. Increased belowground carbon inputs and warming
promote loss of soil organic carbon through complementary microbial responses. Soil. Biol. Biochem. 2014, 76, 57–69. [CrossRef]

18. Nie, M.; Pendall, E.; Bell, C.; Gasch, C.K.; Raut, S.; Tamang, S.; Wallenstein, M.D. Positive climate feedbacks of soil microbial
communities in a semi-arid grassland. Ecol. Lett. 2012, 16, 234–241. [CrossRef]

19. Melillo, J.M.; Steudler, P.A.; Aber, J.D.; Newkirk, K.; Lux, H.; Bowles, F.P.; Catricala, C.; Magill, A.; Ahrens, T.; Morrisseau, S. Soil
warming and carbon-cycle feedbacks to the climate system. Science 2002, 298, 2173–2176. [CrossRef]

20. Huang, Y.; Sun, W.J. Changes in topsoil organic carbon of croplands in mainland China over the last two decades. Chin. Sci. Bull.
2006, 51, 1785–1803. [CrossRef]

21. Song, G.; Li, L.; Pan, G.; Zhang, Q. Topsoil organic carbon storage of China and its loss by cultivation. Biogeochemistry
2005, 74, 47–62. [CrossRef]

22. Nelson, D.; Sommers, L. Total Carbon, Organic Carbon and Organic Matter; ASA Publication: Madison, WI, USA, 1982; pp. 539–577.
23. Institute of Soil Science, Chinese Academy Science (ISSCAS). Physical and Chemical Analysis Methods of Soils; Shanghai Science

Technology Press: Shanghai, China, 1978; pp. 2–145.
24. Alef, K.; Nannipieri, P. Methods in Applied Soil Microbiology and Biochemistry; Academic Press: London, UK, 1995.
25. Cotrufo, M.; Ineson, P. Effects of enhanced atmospheric CO2 and nutrient supply on the quality and subsequent decomposition

of fine roots of Betula pendula Roth. and Picea Sitchensis (Bong.) Carr. Plant Soil 1995, 170, 267–277. [CrossRef]
26. Rey, A.; Pegoraro, E.; Tedeschi, V.; Parri, I.D.; Jarvis, P.G.; Valentini, R. Annual variation in soil respiration and its components in a

coppice oak forest in Central Italy. Global. Change. Biol. 2002, 8, 851–866. [CrossRef]
27. Xu, X.; Inubushi, K.; Sakamoto, K. Effect of vegetations and temperature on microbial biomass carbon and metabolic quotients of

temperate volcanic forest soils. Geoderma 2006, 136, 310–319. [CrossRef]
28. Leifeld, J.; Fuhrer, J. The Temperature Response of CO2 production from bulk soils and soil fractions is related to soil organic

matter quality. Biogeochemistry 2005, 75, 433–453. [CrossRef]
29. Sofi, J.A.; Lone, A.H.; Canie, M.A.; Dar, N.A.; Bhat, S.A.; Mukhtar, M.; Dar, M.A.; Ramzan, S. Soil Microbiological Activity and

Carbon Dynamics in the Current Climate Change Scenarios: A Review. Pedosphere 2016, 26, 577–591. [CrossRef]
30. Wixon, D.L.; Balser, T.C. Toward conceptual clarity: PLFA in warmed soils. Soil. Biol. Biochem. 2013, 57, 769–774. [CrossRef]
31. Sarmiento, J.L.; Gruber, N. Sinks for anthropogenic carbon. Phys. Today 2002, 55, 30–36. [CrossRef]
32. Kimetu, J.M.; Lehmann, J.; Kinyangi, J.M.; Cheng, C.H.; Thies, J.; Mugendi, D.N.; Pell, A. Soil organic C stabilization and

thresholds in C saturation. Soil. Biol. Biochem. 2009, 41, 2100–2104. [CrossRef]
33. Moyano, F.E.; Manzoni, S.; Chenu, C. Responses of soil heterotrophic respiration to moisture availability: An exploration of

processes and models. Soil. Biol. Biochem. 2013, 59, 72–85. [CrossRef]
34. Degens, B.P.; Schipper, L.A.; Sparling, G.P.; Vojvodic-Vukovic, M. Decreases in organic C reserves in soils can reduce the catabolic

diversity of soil microbial communities. Soil. Biol. Biochem. 2000, 32, 189–196. [CrossRef]
35. Bao, T.L.; Gao, L.Q.; Wang, S.S.; Yang, X.Q.; Ren, W.; Zhao, Y.G. Moderate disturbance increases the PLFA diversity and biomass

of the microbial community in biocrusts in the Loess Plateau region of China. Plant Soil 2020, 451, 499–513. [CrossRef]
36. Li, L.J.; Han, X.Z.; You, M.Y.; Yuan, Y.R.; Ding, X.L.; Qiao, Y.F. Carbon and nitrogen mineralization patterns of two contrasting

crop residues in a Mollisol: Effects of residue type and placement in soils. Eur. J. Soil Biol. 2013, 54, 1–6. [CrossRef]
37. Gray, S.B.; Classen, A.T.; Kardol, P.; Yermakov, Z.; Miller, R.M. Multiple climate change factors interact to alter soil microbial

community structure in an oldfield ecosystem. Soil. Sci. Soc. Am. J. 2011, 75, 2217–2226. [CrossRef]
38. Dilly, O.; Zyakun, A. Priming effect and respiratory quotient in a Forest soil amended with glucose. Geomicrobiol. J. 2008, 25, 425–431.

[CrossRef]
39. Steinweg, J.M.; Plante, A.F.; Conant, R.T.; Paul, E.A.; Tanaka, D.L. Patterns of substrate utilization during long-term incubations

at different temperatures. Soil. Biol. Biochem. 2008, 40, 2722–2728. [CrossRef]
40. Reichstein, M.; Bednorz, F.; Broll, G.; Kätterer, T. Temperature dependence of carbon mineralisation. Soil. Biol. Biochem.

2000, 32, 947–958. [CrossRef]
41. Davidson, E.A.; Janssens, I.A. Temperature sensitivity of soil carbon decomposition and feedbacks to climate change. Nature

2006, 440, 165–172. [CrossRef]

http://doi.org/10.1038/35009076
http://doi.org/10.1016/j.ejsobi.2017.06.010
http://doi.org/10.1016/j.soilbio.2014.04.028
http://doi.org/10.1111/ele.12034
http://doi.org/10.1126/science.1074153
http://doi.org/10.1007/s11434-006-2056-6
http://doi.org/10.1007/s10533-004-2222-3
http://doi.org/10.1007/BF00010479
http://doi.org/10.1046/j.1365-2486.2002.00521.x
http://doi.org/10.1016/j.geoderma.2006.03.045
http://doi.org/10.1007/s10533-005-2237-4
http://doi.org/10.1016/S1002-0160(15)60068-6
http://doi.org/10.1016/j.soilbio.2012.08.016
http://doi.org/10.1063/1.1510279
http://doi.org/10.1016/j.soilbio.2009.07.022
http://doi.org/10.1016/j.soilbio.2013.01.002
http://doi.org/10.1016/S0038-0717(99)00141-8
http://doi.org/10.1007/s11104-020-04554-9
http://doi.org/10.1016/j.ejsobi.2012.11.002
http://doi.org/10.2136/sssaj2011.0135
http://doi.org/10.1080/01490450802403099
http://doi.org/10.1016/j.soilbio.2008.07.002
http://doi.org/10.1016/S0038-0717(00)00002-X
http://doi.org/10.1038/nature04514

	Introduction 
	Materials and Methods 
	Study Region 
	Experimental Design 
	Soil Sampling and Preparation 
	Laboratory Incubation Experiment 
	CO2 Production 
	Evaluations and Calculations 
	Data Analysis 

	Results 
	Changes in Cumulative CO2 Production under Different SOC Contents at 5, 15, 25 and 35 C 
	Characteristics of the Q10 Value under Different SOC Contents 
	Key Factors That Drive Changes in SOC Mineralization 

	Discussion 
	Effects of SOC Contents and Temperature on SOC Mineralization 
	Influences of SOC Contents on the Temperature Sensitivity of SOC Mineralization 

	Conclusions 
	References

